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Abstract:

Organic metal halide hybrids have attracted tremendous research interests owing to their
outstanding optical and electronic properties suitable for various applications, including
photovoltaics, light-emitting diodes and photodetectors. Recently, the multifunctionality of this
class of materials has been further explored beyond their optical and electronic properties. Here,
we report for the first time the microwave electromagnetic properties of a one-dimensional (1D)
organic metal halide hybrid, (CcH13N4)3Pb2Br7, a single crystalline bulk assembly of organic
metal halide nanotubes. Good microwave absorption performance with a large reflection loss
value of -18.5 dB and a threshold bandwidth of 1.0 GHz was discovered for this material,
suggesting its potential as a new microwave absorber. This work has revealed a new

functionality of organic metal halide hybrids and provides a new material class for microwave

absorption application studies.
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Organic metal halide hybrids refer to an important class of materials with exceptional versatile
functionalities. They have been intensively investigated in recent years for their outstanding
performance in optoelectronic devices, such as photovoltaics, light-emitting diodes,
photodetectors etc.!'l By tuning the material combinations of organic and inorganic metal
halides, formation of organic metal halide hybrids with different dimensionalities at the
molecular level can be achieved. Determined by the nanostructures of the metal halide
backbones in the corresponding crystalline bulk assemblies, molecular low-dimensional
organic metal halide hybrids are defined to be two- (2D), one- (1D) and zero-dimensional (0D)
materials.[?! The 1D family among them, exhibits prominent structural versatility. For instance,
1D metal halide hybrids can form linear, zig-zag, ribbon-shape, corrugated and even tubular
structures.®! Recently, we reported an organic metal halide hybrid (CsH13N4)3;Pb2Br7 with a
unique tubular structure, as shown in Figure 1.9 The single crystal contains parallel arrays of
1D lead bromide nanotubes with organic cations ionically bonded to the surfaces inside and out.
Since the metal halide nanotubes are spatially isolated from each other, there is negligible inter-
tubular interaction and band dispersion, so that the intrinsic properties of an individual nanotube
can be manifested by its bulk assembly. This 1D organic metal halide hybrid have been reported
to exhibits yellowish-white emission with exciton-exciton annihilation, and with good
stability.[*% 4l Considering the vast functionalities of other nanotube materials, such as carbon
nanotubes (CNTs),l) we believed that this unique bulk assembly of 1D organic metal halide
nanotubes (OMHNT’s) could have multiple functionalities besides its intriguing optical
properties.

Microwave absorbing materials are important components for many military and civil
applications, such as anti-radar detection and wireless communications,® used in order to
reduce the radar signature and electromagnetic interference of various equipment. To date, a
variety types of materials have been investigated, including graphite,!”! graphene,[*® 81 CNTs, ]

carbon fiber,['% conducting polymers,[''l Fe203,1'?! Fe304,1131 MnO2,l'4 ZnO,[13] TiOy,6¢ 16]
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BaFe12019,[!1 BaTiO3,['8] SrFe12019,[11 SiC,2% SiCN, 211 Co2P, 1221 FeP,[231 g-C3N4,241 Si0»,[2°]
MOF’s, 2631 POM’s,126%] ef alia. In this work, we first time investigate and report the microwave
dielectric and magnetic properties and microwave absorption performance of the 1D organic
metal halide hybrid (CsH13N4)3Pb2Br;. The microwave absorption performance is analyzed in
detail, in terms of the reflection loss peak frequency (fyear), reflection loss peak value (RLpeatk),
the critical reflection loss peak width (Afi0), and their relationships with the thickness of the
absorber (d). Our study not only enriches the knowledge of organic metal halide hybrids, but
also provides a potential new class of materials for microwave absorption.

The (CcH13N4)3Pb2Br7 crystals were prepared by solvent diffusion method (see experimental
section). To confirm the structure of the as-prepared material, we performed powder X-ray
diffraction (PXRD) experiment and found the PXRD pattern is identical with the simulated
result from (CsHi3N4)3Pb2Br7 single crystal X-ray diffraction (SCXRD) data (Figure 2A).
Excitation and steady-state photoluminescence spectra of the prepared crystals were also
measured at room temperature showing a UV range excitation and a broad band yellowish white
emission (Figure 2B), which are in accordance with the previously reported results.[*¥ The SEM
image of the organic metal halide hybrid in Figure S1 displayed a regular needle shape, with a
smooth crystal surface for the grinded (CsH13N4)3Pb2Br7 crystals.

We then characterized the electromagnetic properties of (C¢H13N4)3Pb2Br7 nanotubes (see
experimental section) for materials dispersed in paraffin substrate at 15wt%, 30wt%, and
60wt%. Analysis by wt% showed that the bulk dielectric and magnetic parameters of the
analytes increased in a general linear fashion when contrasted with paraffin’s bulk
electromagnetic properties 2?1 as shown in Figure S2 and Figure S3. For the 60wt%, Figure.
3A showed the complex permittivity parameters of the (C¢H13N4)3Pb2Br7 nanotubes. & was
between 3.52 and 3.41; ¢” decreased from 0.35 to 0.05 from 1.0 to 9.0 GHz and subsequently

increased to 0.12 at 18.0 GHz; tgo: was determined to be 0.10 at 1.0 GHz, from where it
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decreased to 0.014 at 9.0 GHz, and then increased to 0.034 at 18.0 GHz. Figure. 3B exhibited

the complex permeability parameters. u’ fluctuated between 1.01 and 0.95, x” and tgo,
decreased from 0.33 to about 0.03 from 1.0 to 18.0 GHz. These small #” and tgd, parameters
indicate that the energy lost within the nanotubes due to magnetic interaction is small, though
the lossy dielectric and magnetic interactions were of similar magnitude.

Figure 3C plotted the electrical conductivity (o) of the (CéH13N4)3Pb2Br7 nanotubes. o was
obtained from o (S/m) = 2nfsve”, where &), fand £” were the free space permittivity constant
(8.854 x 10°'> F/m), the frequency (Hz), and the imaginary component of permittivity,
respectively.[?”] o increased from 0.020 S/m at 1.0 GHz to 0.12 S/m at 18.0 GHz, with some
fluctuation. The small o value indicated the weak electrical conductivity of the
(CsH13N4)3Pb2Br7 nanotubes which is supported by the previous theoretical calculations.?d The
skin-depth (8) was displayed in Figure 3D. § was obtained from (&/m) = (nfuou-c)'?, where
Lo, - and o are the permeability of free space (4n x 10”7 H/m), the relative permeability, and
the electrical conductivity (S/m), respectively.[?”] The value of & decreased from 114.6 at 1.0
GHz to around 11.0 mm at 18.0 GHz. Apparently, o increased but ¢ decreased with the
frequency. The large ¢ values indicated the poor damping of the incident microwave irradiation
inside the (CéH13N4)3Pb2Br7 nanotubes.

The (CeHi3N4)3Pb2Br; nanotubes’ microwave absorption properties were evaluated with
equation (1) and (2).

RL(dB) = 20 log |(Zin — Zo)/(Zin + Zv)| (1)
Zin(f, d) = Zo(1/ &) *tanh[j(2nfd/c) (&-14)"?] (2)
Here RL(dB), Zin and Zy are the reflection loss (dB), the absorber’s input impedance, and the
free space’s impedance, respectively; u-, and & are the relative complex permeability and
permittivity, respectively; f, d and c are the microwave frequency, the absorber’s thickness and

the light’s velocity.[!3% 16281 R[, evolved with fand d in Figure 4A with four absorption bands
4
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of increasing RL values as d increased, as also seen in Figure 4B’s contour plot. RL was smaller
than -10 dB when d was less than 11.0 mm or f'was less than 10.0 GHz. There were two narrow
bands with RL larger than -10 dB when d was between 11.0 to 20.0 mm and f was between 10.0
to 18.0 GHz. Figure 4C showed some typical RL curve of those four bands as d changed. RL
was larger than -10 dB only for bands 3 and 4 in some f and d ranges. Figure 4D displayed the
changes of fpeak With d. Band1 to band4 gradually appeared as d was increased to about 3.5, 6.9,
11.5, and 16.0 mm, respectively. All fpear values decrease with d with the relationships fpeaks =
c/4dn, fpeak2 = 3c/4dn, fpeaks = Sc/4dn, and fpeaks = 7c/4dn where ¢ and n was the light’s speed
and the materials’ refractive index, and n was obtained from n = Re[(&)"?].?% or in other
words d = c/Anfpeaki = M4, d = 3c/Anfpeakz = 3A/4, d = 5¢c/4nfpears = 5SA/4, and d = Tc/4nfpeaks =
7A/4. Maximum reflection loss was observed whenever d was odd (2m-1, m =1, 2, ...positive
integer) folds of the quarter wavelength (4/4,) in the materials. That was because the microwave
reflected from the front surface were largely cancelled by the microwave reflected from the
back surface. RLpeak was plotted against d in Figure 4E. RL increased with d. RL values
decreased from band4 to band3, band2 and bandl. RLpesx was smaller than -10 dB for band1
and band2, while larger than -10 dB for d of 13.3-20.0 mm and 18.2-20.0 mm for band3 and
band4, respectively. A maximum RLpear value of -18.45 dB was obtained near d = 16.1 mm in
band4. Figure 4F plotted the Afi0 vs d. No curves were observed for band1 and band2 because
these bands had no RL values larger than -10 dB. Band3 had Afio between 0.17 to 0.5 GHz when
d was 11.3 to 20.0 mm, and band4 showed A4fio of 0.17 to 1.0 GHz with d of 15.7 to 20.0 mm.
Using the observed trends in wt%, we generated a permittivity and permeability model so to
simulate the intrinsic material response to incident electromagnetic radiation. These results are
shown in Figure S4, Figure S5, and Figure S6 for the band analysis, reflection loss, and response
profile. The results of these models suggest that the permittivity and permeability values of the

intrinsic materials increase as wt% increases, are capable of strong microwave absorption with
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capable effective bandwidths, greater than -50 dB and 3GHz respectively, which is of similar
the strengths and breadths as compared to other halide perovskites presented in the literature.[>°]
As microwave absorption is commonly understood to be from dipole rotation caused electrical
loss or magnetic domain resonance caused magnetic loss, it is therefore necessary to reveal the
contributions of the electrical and magnetic losses to the microwave absorption properties. In
order to understand the contributions from the electrical dissipation pathway in the
(CcH13N4)3Pb2Br7 nanotubes, RL was evaluated with zero ¢” and averaged &’ over the entire
frequency range. This seemed reasonable as &’ fluctuated only within 3.42 - 3.51. Figure 5A
showed the 3D RL plots. There were four RL-increasing bands with d with almost no RL larger
than -10 dB across the frequency and thickness regions. Only three scattered small bands were
observed at large f'and d values, as shown in Figure 5B, the contour plot. Figure 5C displayed
some representative RL curves, and Figure 5D plotted the fyear values. The bands 1-4 gradually
emerged as d grew to around 5.6, 6.9, 11.5, and 16.0 mm, respectively. All fyeak values decreased
again as fpeak1 = c/4dn, fpear2 = 3¢/4dn, fpeaks = 5c/4dn, and fpeaks = 7c/4dn. Figure SE exhibited
the plots of RLpear vs d. All bands had RL smaller than -10 dB and the largest RL was only -8.28
dB. A monochromic RL increase with d was observed only bandl, not for other bands. No
discernable Afio curves were observed, as RL was smaller than -10 dB. Apparently, RLpeak
largely decreased as £ became zero. This indicated a large contribution from the electrical loss
of the (CcH13N4)3Pb2Br7 nanotubes to their microwave absorption performance.

In order to discern the contribution of the magnetic properties of (CcHi13N4)3Pb2Br7 nanotubes
to their microwave absorption performance, RL was obtained with zero ym, where = /o =
(1+ ym)po. The 3D plot in Figure 6A showed how RL evolved with fand d when y» = 0. Four
absorption bands gradually appeared with d. However, all RL was smaller than -10 dB, also
seen in Figure 6B, the contour plot. Some representative RL curves were displayed Figure 6C

when d increased from 1.0 to 18.0 mm. No curves had RLycar value larger than -10 dB. Figure
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6D plotted the fpear values. Bandl1 to band4 gradually came out when d grew to around 5.6, 6.8,
11.2,and 15.6 mm, respectively. All frear decreased with d, again as fyears = c/4dn, fpeak2 = 3c/4dn,
Jpeaks = 5¢/4dn, and fpeaks = Tc/4dn. The plots Figure 6E indicated that band 4 had the largest RL
values, then band3, band2 and band1, and all RLpeax was smaller than -10 dB. Furthermore, the
largest RLpeak was only -6.86 dB. RL increased with d for band1 but decreased for band3 and
band4. No discernable Afio curves were observed, as RL was smaller than -10 dB. By comparing
the results in Figure 4 and Figure 6, it was concluded that RLcax largely decreased as ym» became
zero and none of the conditions could give a RLyear value larger than -10 dB. Therefore, the
magnetic loss in the (CsHi3N4)3Pb2Br; nanotubes also contributed to their microwave
absorption performance, just like the electrical loss.

In conjuncture with the simulation analysis, we calculated the Eddy current responses to
elucidate the interaction mechanisms. For Eddy current loss, if the Eddy parameter of Co =
”/(1’)?-f is constant as a function of frequency as specified by the eddy equation,>®*! then
magnetism-induced conduction is responsible for the magnetic losses as represented by the
permeability. As can be seen in Figure S7, the eddy parameter approaches a low but constant
value as frequency increases towards the region of microwave absorption. Such would seem to
suggest that eddy currents might be responsible for the magnetic interaction. Similarly, as the
dielectric conductivity increases as a function of frequency as seen in Figure 3C, it may be that
these conductive responses of the organic metal halide nanotubes are the casual mechanism for
microwave absorption,?8! possibly along the length of the nanotubes given the shape factors
which are similar to other materials that are conductively microwave active.[?8]

In summary, we have evaluated the microwave absorbing properties of an organic metal halide
hybrid material (CcH13N4)3Pb2Br7, which has a large RL of -18.45 dB with a Afio value of 1.0
GHz. Simulations suggest that the pure OMH demonstrates RL results of greater than -50 dB

and bandwidths of greater than 3 GHz. Both the dielectric and magnetic dissipations contribute
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to the loss mechanism because the RL value decreases largely if the dielectric and magnetic
dissipation factors are set to zero. The interference between the incident and reflected
microwaves largely determines the effectiveness of the microwave absorption, which is upon
the value of the thickness of the coating in comparison to the quarter wavelength of the incident
microwave inside the coating which not only depends on the frequency of the microwave but
also is intrinsically affected by the dielectric and magnetic constants of (CsH13N4)3Pb2Br7
through varying conductive interactions. Overall, this work has not only generated new
knowledge on the unexplored microwave absorbing property of organic metal halides, but also
suggested that organic metal halide materials may have a good potential to work as a completely
new class of microwave absorbing materials, while more work is needed to further improve

their shielding performance.

Experimental Section

Sample preparation:

Lead (II) bromide and hexamethylenetetramine hydrobromide were mixed at 2:3 molar ratio
and dissolved in dimethylformamide to obtain a precursor solution. Needle-shaped
(C6H13N4)3Pb2Br7 crystals were grown by slow diffusing dichloromethane into the precursor
solution at room temperature overnight. The crystals were then washed with dichloromethane
and subsequently dried under vacuum.

Powder X-ray diffraction analysis:

The PXRD analysis was performed via a Panalytical X'PERT Pro Powder X-Ray
Diffractometer using standard Cu X-ray tube radiation at 40 kV and 40 mA, and a X’Celerator
RTMS detector. The material was irradiated over an angular range of 5-60 degrees 20 with a
0.02 step size, and the analysis was done at room temperature.

Simulated powder diffraction patterns were calculated via Mercury software using the resulting

crystallographic information file (CIF) file resulting from the SCXRD experiment.

8
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Photoluminescence steady state studies:

Excitation and emission spectra of (CsHi13N4)3Pb2Br7 single crystals were measured at room
temperature on a FS5 spectrofluorometer (Edinburgh Instruments). The excitation spectra were
monitored at 700 nm and the emission spectra were obtained by using excitation wavelength of
360 nm generated by a Xenon lamp.

Microwave performance measurements:

An HP8722ES network analyzer was used to measure the complex permittivity and
permeability in the frequency range of 1.0-18.0 GHz. The (CsHi3N4)3Pb2Br7 nanotubes were
dispersed in paraffin wax with 60 wt%. The composite was molded into small rings with
thicknesses on the order of 1.0-4.0 mm, with inner and outer diameters of the ring being 3.0
mm and 7.0 mm, respectively. The pellet thickness was controlled by polishing the pellet after

preparation. All the related measurements were conducted at room temperature.
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Figure 1. View of the structure of (CcsH13N4)3Pb2Br7 (red: lead atoms; green: bromine atoms;

blue: nitrogen atoms; gray: carbon atoms; purple polyhedra: PbBrs octahedra; hydrogen atoms
are hidden for clarity).
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Figure 2. (A) Simulated (red) and experimental (blue) PXRD spectra of (CéH13N4)3Pb2Br7
nanotubes. (B) Excitation (red dashed line, probe at 700 nm) and emission (blue solid line,
excited by 360 nm UV light) spectra of (C¢H13N4)3Pb2Br7 nanotubes.
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Figure 5. Upon £¢”=0, (A) 3D plot, (B) contour plot of RL vs. f& d, (C) The RL curves, (D)
the relationship of fyeak, and (E) the relationship of RLpear. Fig. 5D also shows the fittings of

Jpeaki = c/And, fpeak2 = 3¢/4nd, fpeaks = Sc/4nd, and fpeaks = Tc/4nd.
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Figure 6. Upon y»= 0, (A) 3D plot, (B) contour plot of RL vs. f & d, (C) The RL curves, (D)
the relationship of fpeat, (E) and the relationship of RLpear. Fig. 6D also shows the fittings of

Jreak1 = c/And, fpeak2 = 3¢/4nd, foears = Sc/dnd, and fpeaks = Tc/dnd.
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The microwave absorbing properties of a one-dimensional organic metal halide hybrid
(CeH13N4)3Pb2Br7 were investigated to exhibit a large reflection loss value of -18.5 dB with a
threshold bandwidth of 1.0 GHz. Other than the thickness of the absorbing layer, the intrinsic
dielectric and magnetic properties of this material also play important roles to its microwave
absorption performance.
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